We show that non-axisymmetric, non-helical perturbations in an unstratified shear flow produce a shear-plane averaged electromotive force (EMF) rigorously proportional to a spatially dependent kinetic helicity. This new "shear-driven α-effect" can amplify even initially uniform magnetic fields, and is undiscoverable in approaches invoking homogeneity of dynamo coefficients. Distinct from previous large scale dynamo mechanisms, it too should be considered when interpreting large scale field generation in astrophysical, laboratory, and simulated shear flows.
Introduction-A plethora of astrophysical objectsincluding planets, stars, accretion disks, and galaxiespossess large scale magnetic fields. Understanding the in situ sustenance of these large scale fields is a longstanding subject of research commonly studied with mean field models using suitably chosen spatial, temporal, or ensemble averages. In this enterprise, we can distinguish "kitchen sink" approaches aimed toward astrophysical realism such as global simulations of accretion disks or galaxies, from "proof-of-principle" approaches aimed at identifying key physics under simpler conditions that provide key physical insight into what may be operating even when other complexities are present. A challenge for the latter approaches is to identify the minimal ingredients needed for large scale or mean field dynamo action, for a specified averaging procedure.
Given the ubiquity of shear flows in astrophysics, the question arises as to whether even very minimalist shear flows can amplify large scale fields for a suitably chosen average. For systems subjected to different sources of statistically non-helical fluctuations or turbulence with shear, large scale dynamos that differ from the traditional α − Ω [1] [2] [3] prescriptions have been studied [4] [5] [6] [7] [8] [9] [10] .
Here we uncover a new shear-driven large scale dynamo mechanism and show analytically that the shear-plane averaged electromotive force (EMF) for an unstratified non-rotating shear flow subjected to 2-D perturbations leads to a spatially dependent dynamo coefficient that produces large scale dynamo growth.
For clarity, we first present the calculation of the EMF rigorously, before subsequently discussing the conceptual connections to previous mean field dynamo theories.
Shear flow and perturbations-We consider an unstratified shear flow in non-rotating local Cartesian coordinates (x, y, z) with a linear shear velocity ofV 0 = V y (x)ŷ, and a vertical fieldB 0 = B 0ẑ . We assume perturbed velocity and magnetic fields of the form ξ ξ ξ(x, y, z, t) = [ξ x (x), ξ y (x), ξ z (x)] exp (γ c t − ik y y + ik z z), where, γ c = γ+iω r , γ is the real time growing or decaying part and ω r is the oscillatory part of the perturbations. All variables are decomposed as ξ(x, y, z, t) = ξ(x, t) + ξ(x, y, z, t), where ξ is the mean component, and ξ is the fluctuat-ing component. We refer to y and x directions as "azimuthal" and "radial" respectively as if the Cartesian system were locally embedded in a rotating shear flow, even though we ignore rotation. Mean quantities indicated by brackets or overbars are shear-plane (azimuthally and axially) averaged but remain dependent on x. The spatial variation of fluctuations (specified by k y and k z ) here are arbitrary, and could be smaller than or close to the scale of the system.
In this non-rotating unstratified system, the momentum equation ρ ∂V ∂t = −ρV.∇V + J × B − ∇P and the induction equation ∂ t B = ∇ × (V × B) are linearized in the incompressible limit to give:
and
where X = P + B · B 0 ; primes denote variation in the x direction, (e.g. ∂/∂x); and
We ignore the x (radial) dependence of the fluctuations (k x = 0). Equations 1 and 2 can be combined to give:
where M ≡ γ 2 F 2 , and F ≡ k ·B 0 . The two equations of (3) can be combined with the incompressibility equation
where k 2 = k 2 z + k 2 y . To uncover the essential physics, we employ a quasilinear approach, in which all the correlation terms are constructed from the linear perturbations above. Below, we present all the steps to calculate a shear-driven large scale dynamo directly from the EMF.
EMF calculation and dynamo growth-The shearplane averaged quasilinear electromotive force can now be constructed from the linear perturbations of magnetic field and velocity. We calculate the vertical EMF com-
x and V y are out of phase, the second term on the right satisfies
= 0, where we have used Eqs. (2) and (4) . However B y and V *
x are in phase, so the first term on the right of
(5) This expression reveals three minimum requirements for a nonzero planar averaged E z : (i) a linear shear V y (x) ′ = 0; and (ii) non-axisymmetric (k y = 0, and k z = 0) finite amplitude perturbations | V x |; the factor γ in the EMF implies the need for a real part of the temporal variation of the perturbations, namely that perturbations must grow or decay (c.f. oscillations are insufficient) to provide give a finite EMF.
Without resistivity, the shear-plane averaged azimuthal field B y can thus be generated according to the shear-plane averaged induction equation
Since there is neither a mean radial magnetic field B r , nor velocity field V r , the second term on the right, which is the traditional "Ω" effect, along with the third term on the right both vanish in Eq. (6) . A large scale azimuthal
∂x , can be directly generated via the spatially dependent E z (Eq. 5).
Helicity densities-To facilitate comparison of this large scale dynamo with conventional mean field dynamos, we examine the shear-plane averaged kinetic and current helicity densities associated with the fluctuations.
The shear-plane (y, z) averaged kinetic helicity is V ·
Using Eq.(4), we then obtain
Equation (7) shows that the kinetic helicity has a spatial dependence on x from the variation of the mean flow. We next calculate the current helicity similarly, which can be written as
(2) for B y , we then obtain,
where the last term is related to kinetic helicity V · ∇ ×
)] , and the total contribution can be written as
We now use Eq. (7) in Eq. (9) to obtain
Combining Eqs. (7) and (10) gives
Eqs. (11) and (7) show that the EMF (Eq. 5) can be expressed in terms of either kinetic or current helicities:
Relation to Conventional Mean Field Dynamos-In conventional mean field theory applied to turbulent flows, the EMF is expanded as a sum of tensor products of transport coefficients with linear functions of the mean magnetic field and its derivatives [2, 3] . The α ij tensor conventionally indicates the coefficient proportional to the term linear the 0th derivative of the mean field.
For kinematic theories α ij = α ij ( V) but in general α ij = α ij ( V, B). If fluctuations are assumed to be isotropic and the initial field uniform, then α ij = αδ ij and E z = αB z .
We can connect Eqs. (5) and (12) to this formalism by inspection, and extract the α-coefficient as
The spatial non-uniformity of this shear-plane-averaged α coefficient is directly related to the flow shear. Straight away, we see that any standard approaches which presumes homogeneity of the α coefficient a priori [2, 3] would be unable to discover the shear-plane averaged dynamo that we have identified since it depends on the inhomogeneity of α.
Our calculations also differ from those focused on non-helically forced turbulent systems with superimposed linear flow shear flows that exhibit large scale dynamos. [7] For these systems, a fluctuating α-effect [4] using mean field theory may be effective in explaining the results. [8, 9] However, the planar averaging in these calculations is taken over x, y directions, and the mean field sought is a function of z. That averaging procedure eliminates any possibility for the dynamo coefficients to depend on the the spatial direction in which the mean velocity varies, in turn eliminating any possibility to discover the systematic α-effect we have identified in our calculation above.
A further difference from standard large scale dynamos in turbulent systems is that our calculation applies only where fluctuation magnitudes are no larger than that of the initial seed mean field,Ṽ ∼B ≤ B 0 . Were it not for the presence of shear, these fluctuations would be purely wave-like and the EMF would vanish. The free energy for the large scale field to grow-even when it is already strong compared to the fluctuations-is supplied by the shear. We have assumed that the background shear flow is not influenced by the growing field, and thus have not considered the back-reaction on the shear flow.
Contexts where the conditions for our minimalist dynamo even without rotation arise include: (i) coronal loops, where the field of the loop provides the initial B 0 subjected to perturbations and shear perpendicular to this field at the base. The twisting of the footpoints could produce instabilities that provide the requisite fluctuations that sustain the EMF, which in turn sustains large scale helical field along loop, (ii) in laboratory plasmas nonaxisymmetric magnetic fluctuations [11] (arising from reconnecting or Kelvin-Helmholtz instabilities), combined with local shear flows (strong azimuthal flows with radial dependency) could cause a phase shift that generates an EMF and facilitates global relaxation, (iii) generation of surface zonal fields in planetary systems from an initially radial perturbed field penetrating a strong zonal shear flow, and (iv) when rotation is included, the generalized version reveals that large scale field growth in shearing box MRI simulations precedes the onset of mode coupling and small scale turbulent fields. [12, 13] .
Our calculation applies for large Reynolds numbers, or in the absence of dissipation. This contrasts Ref. [14] , which shows that in the absence of shear, dissipation is required to establish a phase correlation to sustain an EMF for low Reynolds number plasmas. Ref. [14] also shows that the EMF can be written as integrals that depend on functions of the current helicity spectra OR kinetic helicity spectra, pointing out that net current helicity density must be finite for a finite EMF. For our case, when shear provides the phase correlator, here is more symmetry between kinetic and current helicity; the two are proportional to each other and the EMF can be written as proportional to either.
That our EMF is proportional to either the kinetic or current helicity densities associated with fluctuations raises the question of how this result relates to conventional high R M mean field dynamos where the α effect is the difference between current and kinetic helicity densities of fluctuations [15] . In these contexts, unlike ours, the kinetic helicity is often driven with velocities much stronger than that of the initial mean field and the current helicity builds up to quench the dynamo coefficient [16, 17] . However, for large R M flows, α emerges as a difference in these helicities only when the nonlinear triple fluctuation terms are included and approximated with a closure [15, 16] . In approaches which exclude triple fluctuation terms but apply the first order smoothing approximation (FOSA) yet still find α to be proportional to a difference of helicities, only the helicities computed from the part of the fluctuations that are strictly independent of the large scale field enter.
In our present approach, the quasilinear helicity terms are constructed from linear perturbations with |Ṽ| ∼ |B|. Although we have kept the linear contribution to the Lorentz force in Eq. 1, the nonlinear triple fluctuation terms in the induction and velocity equations are absent. The direct relationship between total kinetic and total current helicity associated with fluctuations shown in Eq. 11 is therefore expected in this regime.
Magnetic helicity:
We started with a uniform magnetic field and no magnetic helicity, so in the absence of dissipation and boundary conditions imply that total magnetic helicity is conserved in our calculation. However, equal and opposite large and small scale magnetic helicities can and do arise. By analogy to the current helicity that we calculated above, the planar averaged magnetic helicity can be written as,
) . For our system, A · B = J · B /k 2 . We can now write Eq (12) in terms of the magnetic helicity,
Eq. (14) shows that the large-scale field generating EMF is sustained by helicity production at the scales of fluctuations. Were we to include a magnetic diffusivity term (η∇ 2 B) in the RHS of Eq. 2, the factor γ in our calculations is simply replaced by γ + ηk 2 and the right of Eq. (14) 
To check conservation of total magnetic helicity, we also calculate the magnetic helicity at large-scale (mean), Ā ·B ≡ (Ā zB0 ). Using B y = − ∂Az ∂x , and B y = − 1 γ ∂E z ∂x , we get,
Thus, based on the the direct calculation of EMF and magnetic helicity calculations, equations 14-15, the total magnetic helicity A · B total = Ā ·B + A · B = 0 in our system. Broad implications: There is substantial evidence for large scale field growth in local shearing boxes with and without rotation, and global simulations [7, 12, 13, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Not without controversy, attempts to explain large scale dynamo sustenance after MHD turbulence has saturated have previously employed (i) conventional α − Ω dynamo equations [18, 24, 25] with empirically extracted dynamo coefficients from the simulations (ii) shear directly amplifying non-helical turbulence [5] or fluctuating α-effect dynamos [4, 8, 9] or (iii) shear-current effects [1, 6, 10] . The mechanism obtained here, shear-driven αeffect, however, is distinct from the models listed above.
Although our present work focuses on a regime where perturbations are small compared to the mean field and without rotation, we can extract several lessons that apply more broadly to the non-perturbative regime. First, our shear-plane averaging seems more appropriate for astrophysical flows than the commonly used x−y averaging in shearing box simulations when comparing to standard mean field axisymmetric accretion disk theory and spectral calculations, which leave quantities as a function of radius (x in our Cartesian coordinates) not z.
Second, even in the context of x − y averaging, our results exemplify that any approach restricted to spatially uniform α coefficients cannot reveal a dynamo that depends on spatial variation of α. This also means that no term in the EMF proportional to a spatial derivative of the mean field is required for initial growth in our shear driven α effect dynamo. A spatial variation of α may be important even when its average over the remaining coordinate vanishes. The latter has been interpreted to suggest that α is less important than e.g. a negative diffusion tensor component in shearing box simulations, even though both are present [29] . But a spatially varying α may be an essential part of the underlying mechanism which leads to ambiguity as to the dominant effect sustaining the associated large scale fields.
In short, through direct calculation of EMF and helicity densities in a simple sheared flow, we have uncovered a new shear-driven α-effect that explicitly depends on position for shear-plane averages, and directly depends on the shear for the minimalist conditions considered (Eq. 13). This would not be discovered if homogeneity of the dynamo coefficients were assumed a priori. In the long-standing effort to measure and understand large scale field growth in sheared rotators, the presently derived shear-plane averaged, shear-driven α-effect dynamo should be considered among candidate underlying mechanisms.
